Human immunodeficiency virus type 1 (HIV-1) infection occurs in the central nervous system and causes a variety of neurobehavioral and neuropathological disorders. Both microglia, the residential macrophages in the brain, and astrocytes are susceptible to HIV-1 infection. Unlike microglia that express and utilize CD4 and chemokine coreceptors CCR5 and CCR3 for HIV-1 infection, astrocytes fail to express CD4. Astrocytes express several chemokine coreceptors; however, the involvement of these receptors in astrocyte HIV-1 infection appears to be insignificant. In the present study using an expression cloning strategy, the cDNA for the human mannose receptor (hMR) was found to be essential for CD4-independent HIV-1 infectivity. Ectopic expression of functional hMR rendered U87.MG astrocytic cells susceptible to HIV-1 infection, whereas anti-hMR serum and hMR-specific siRNA blocked HIV-1 infection in human primary astrocytes. In agreement with these findings, hMR bound to HIV-1 virions via the abundant and highly mannosylated sugar moieties of HIV-1 envelope glycoprotein gp120 in a Ca 2؉ -dependent fashion. Moreover, hMR-mediated HIV-1 infection was dependent upon endocytic trafficking as assessed by transmission electron microscopy, as well as inhibition of viral entry by endosomo-and lysosomotropic drugs. Taken together, these results demonstrate the direct involvement of hMR in HIV-1 infection of astrocytes and suggest that HIV-1 interaction with hMR plays an important role in HIV-1 neuropathogenesis.
Astrocytes, often identified by glial fibrillary acidic protein expression, constitute a majority of the cells in the brain and are essential for maintaining homeostasis in the brain and, hence, normal brain activities. A number of different and quite diverse functions have been attributed to astrocytes. These include secretion of neurotrophic factors, regulation of the interstitial pH, uptake and metabolism of neurotransmitters, antioxidant defense via scavenging and transforming oxygen free radicals into nontoxic species, modulation of neuronal signals, being an essential structural component of the bloodbrain barrier, and participating in immune responses through production and secretion of cytokines, proteases, protease inhibitors, adhesion molecules, and extracellular matrix components that are key mediators of immunity and inflammation (for recent reviews, see references 6, 13, and 58). Although it is important to note that several of the functions listed above are still controversial, the highly dynamic and reciprocal relationship between astrocytes and neurons suggests that dysfunction of astrocytes could contribute to the pathogenesis of neurological diseases.
Human immunodeficiency virus type 1 (HIV-1) infection of the central nervous system (CNS) occurs in a majority of patients with AIDS and causes a variety of neurological dysfunctions, such as memory loss and motor control deficits (60) . Microglia and/or macrophages are the major target cells for HIV-1 infection in the CNS (39) . However, HIV-1 infection of astrocytes has also been well documented in pediatric patients and, to a lesser extent, in adult patients, as well as in in vitro cell cultures (63, 76, 81) . The unique features of HIV-1 infection of astrocytes, i.e., CD4-independent viral entry and nonproductive viral replication (8, 27, 70) , have made astrocytes an excellent model for studying molecular mechanisms of CD4-independent HIV-1 entry and regulation of HIV-1 replication. Moreover, the absolute large number of astrocytes in the brain and their extremely important roles in this organ strongly support the notion that HIV infection of astrocytes contributes to HIV-associated neuropathogenesis.
Much progress has been made in terms of the mechanisms of nonproductive HIV-1 replication in astrocytes. Evidence has accumulated that the inability of astrocytes to sustain HIV-1 gene expression is a combined result of entry and postentry restrictions in the viral life cycle (for a review, see reference 7). One of the restrictions is inadequate Rev function (34, 45) . Recent studies have shown that the block in Rev function results from a lower level of constitutive expression of Sam68 protein in astrocytes (43) , a molecule essential for Rev function (42) . However, the other unique feature of HIV-1 infection of astrocytes, i.e., CD4-independent viral entry, still remains undefined. Unlike microglia that express CD4 and chemokine coreceptors CCR5 and CCR3 for HIV infection (28) , astrocytes do not have a detectable level of CD4 receptor expression, and HIV-1 infection of the non-CD4-bearing astrocytes is not blocked by anti-CD4 monoclonal antibodies or soluble CD4 (27, 78) . A number of reports have demonstrated the expression of chemokine receptors in astrocytes. CCR1, CXCR2, and CXCR4 have been detected on both murine and human astrocytes, and CXCR4 expression can be significantly upregulated in response to interleukin-1␤ (73, 80) . The HIV-1 coreceptor CCR5 has recently been shown to be expressed in astrocytes in the hippocampus and cerebellum (68) . Although CCR5 and CXCR4 have been shown to be utilized for simian immunodeficiency virus and HIV-2 viral entry in the absence of CD4 expression (17, 32) , the significance of those chemokine receptors in HIV-1 infection of human astrocytes seems to be, at most, minimal (69) . In the present study, we demonstrate that the human mannose receptor (hMR) serves as the HIV-1 receptor for CD4-independent infection of astrocytes. The identification of hMR as a CD4-independent HIV-1 receptor in astrocytes may provide new clues for developing therapeutics targeted at the HIV-brain interaction and the potential HIV-1 reservoir in the brain, as well as for understanding mechanisms of other CD4-independent HIV-1 infection.
by incubation with the mixture of mouse anti-human GFAP (1:100) and goat anti-hMR serum (1:50) diluted in blocking solution for 1 h at room temperature, followed by the mixture of the fluorescein isothiocyanate (FITC)-conjugated donkey anti-goat (1:200) and phycoerythrin-conjugated rabbit anti-mouse (1: 100) secondary antibodies in PBS for 30 min at room temperature. All incubations were carried out under humidified conditions, and slides were washed three times between steps with PBS. Finally, sections were counterstained in PBS containing 3 nM DAPI (4Ј,6Ј-diamidino-2-phenylindole), mounted with antifade aqueous mounting medium, and observed by using a Zeiss LSM-510 confocal microscope with a ϫ40 objective lens and appropriate filters. Omission of the primary antibodies in parallel staining was included as a control, and no nonspecific staining was noted. For cultured cells, a similar staining protocol was used, except for that a 30-min fixation in 4% paraformaldehyde and a 15-min permeabilization in 0.2% Tween 20 (to allow intracellular staining for GFAP) were added to substitute for the initial deparaffinization, hydration, and antigen retrieval steps. These cells from the double immunofluorescence staining were analyzed by fluorescence-activated cell sorting (FACS) or observed by using the confocal microscope.
Human fetal brain expression cDNA library and expression cloning. A human fetal brain cDNA library was constructed in the backbone of a retroviral vector pMX provided by T. Kitamura (56) . Total RNA was purchased from Life Technologies, Inc. (Gaithersburg, Md.) and used for cDNA synthesis. EcoRI linkers were ligated onto both ends of the cDNA for preparation of the cDNA library. The cDNA library was determined to contain cDNA inserts of an average size of 1.8 kb and more than 2 ϫ 10 6 independent clones with more than 95% harboring cDNA inserts. High-titer retroviruses (more than 3 ϫ 10 6 PFU/ml) of the cDNA library were produced by using a transient retrovirus packaging system (57) and used to transduce U87.MG cells. Transduced cells were challenged with the HIV-green fluorescence protein (GFP) reporter viruses (see below) containing the YU-2 envelope and then enriched for GFP-positive and CD4-negative cells by immunofluorescence staining for CD4 expression and FACS. Genomic DNA from GFP-positive and CD4-negative cells was extracted by using a genomic isolation kit (Promega, Madison, Wis.). cDNA inserts were PCR amplified from genomic DNA and directly sequenced. To ascertain the production of a high titer of retroviruses and higher transduction efficiency, both of which are very critical for representative expression of all cDNAs in the retroviral cDNA library, we also constructed and included pMX.GFP in the experiments to optimize the cloning protocol.
Preparation of cell lysates and Western blot analysis. Cells were washed twice with ice-cold phosphate-buffered saline (PBS) and then harvested with a cell harvester. Cell pellets were suspended in 2 volumes of whole-cell lysis buffer (10 mM NaHPO 4 , 150 mM NaCl, 1% Triton X-100, 0.1% sodium dodecyl sulfate [SDS], 0.2% sodium azide, 0.5% sodium deoxycholate, 0.004% sodium fluoride, 1 mM sodium orthovanadate), followed by incubation on ice for 10 min. Wholecell lysates were obtained by centrifugation and removal of the cell debris. Cell lysates (25 g of protein) were electrophoretically separated on SDS-8% polyacrylamide gel electrophoresis (PAGE) and analyzed by immunoblotting. The blots were first probed with goat anti-hMR serum (1:400) and then with a horseradish peroxidase-conjugated donkey anti-goat secondary antibody, and visualized with the ECL system (Amersham Biosciences Corp., Piscataway, N.J.). mBSA uptake assay. The functionality of hMR expressed in U87.MR cells was assessed by hMR-mediated endocytosis assay using FITC-labeled mannosylated BSA (FITC-mBSA; E. Y. Laboratories, La Jolla, Calif.), a specific hMR ligand (30) . Briefly, cells were grown in 24-well plates. Before the assay, cells were washed twice with DMEM without serum; added with 200 l of DMEM containing 10% BSA, 5 mM CaCl 2 , and FITC-mBSA at concentrations as indicated; and incubated at 37°C for 30 min to allow internalization of FITC-mBSA. After 30 min, unbound FITC-mBSA was removed by extensive washing with ice-cold DMEM containing 0.5% BSA, followed by PBS, and then fixed with 4% paraformaldehyde. Internalized FITC-mBSA was assessed by FACS analysis. In ligand inhibition experiments, competitor ligands were added at the initial FITCmBSA ligand-binding step and maintained throughout internalization.
Preparation and infection of pseudotyped HIV-1 reporter viruses. HIV-1 viruses pseudotyped with different envelope proteins were prepared as previously described (28) . Briefly, 293T cells (2 ϫ 10 6 cells per 10-cm plate) were transfected with 20 g of HIV-1 reporter plasmids (HIV⌬env.GFP or HIV⌬env.Luc) and 4 g of HXB2.env, YU-2.env, or VSV-G expression plasmid by the calcium phosphate precipitation method. Cell culture supernatants were collected 48 h after change of the transfection medium, filtered, and saved as virus stock. For infection, U87.MG and its derivatives were plated at a density of 5 ϫ 10 4 cells/well in a 24-well plate and allowed to grow for at least 24 h. The cells were infected with 100 ng of gag p24 HIV-GFP or HIV-Luc reporter viruses in the presence of 8 g of Polybrene/ml. After 2 h, the viruses were removed, and the VOL. 78, 2004 MR AS THE ASTROCYTE RECEPTOR FOR HIV-1 INFECTION 4121 cells were extensively washed and replaced with fresh medium. The cells were allowed to grow for 48 h before they were harvested and assayed for HIV-1 viral entry by FACS for GFP expression or by luciferase assay for the luciferase gene expression (28) . 5 cells/well in a six-well plate) were infected with 100 ng of gag p24 recombinant HIV-1 NL4-3 viruses for 2 h in the presence of 8 g of Polybrene/ml. After 2 h, the viruses were removed, and the cells were extensively washed and then placed in cell culture medium. Cell culture supernatants were collected at different times as indicated and assayed for HIV-1 replication by using a p24 ELISA kit (Perkin-Elmer, Boston, Mass.) that has a lower limit of detection of 4.3 pg/ml. In the antibody blocking experiments, cells were treated with Leu3A or its immunoglobulin G (IgG) isotype control (20 g/ml; Becton Dickinson, Paramus, N.J.) or with goat anti-human MR serum or preimmune serum (1:50) Transmission electron microscopy. U87.MR cells and human primary astrocytes were grown on Thermanox coverslips (Nalge Nunc International, Rochester, N.Y.) in 10-cm culture dishes. After 1 day in culture, the plates were removed from the incubator and chilled on ice for 30 min. After 30 min, HIV viruses were added and incubated on ice for an additional 30 min. The culture plates were then placed back in a 37°C incubator, and samples on coverslips were taken at 0, 5, 10, 30 and 60 min. The coverslips were rinsed in PBS and fixed in 0.1 M phosphate buffer containing 2% paraformaldehyde and 2% glutaraldehyde for at least 1 h. The coverslips were rinsed again in PBS and then postfixed in 0.1 M phosphate buffer containing 1% osmium tetroxide for 1 h. After a brief rinse in PBS, the cells were dehydrated by using a graded series of ethanol (ETOH) solutions: 70% ETOH for 10 min, 95% ETOH for 10 min, and 100% ETOH three times for 5 min for each step. The cells were infiltrated by using the Embed 812 resin (Electron Microscopy Sciences, Fort Washington, Pa.) in 100% ETOH overnight. After infiltration in pure resin for 1 h, the coverslips were cut to appropriate sizes and embedded in flat embedding molds by using fresh resin. The resin was allowed to polymerize overnight at 60°C in the oven. The blocks were trimmed and first cut into 1-mm thick sections with glass knives and then into 90-nm thin sections with a diamond knife. Sections were collected onto copper grids and stained with uranyl acetate and lead citrate prior to being viewed with a Phillips EM-400 transmission electron microscope.
RESULTS
CD4-, CCR5-, and CXCR4-independent HIV-1 entry into astrocytes. Consistent with studies from other groups (8, 27, 77), we did not detect CD4 expression either inside or on the surface of primary human fetal astrocytes (data not shown). To ascertain that HIV-1 infection of astrocytes occurs via a CD4-independent pathway, we performed the antibody-blocking experiments. Human primary astrocytes were preincubated with Leu3A, a CD4 neutralizing antibody prior to infection by the YU-2 envelope protein-pseudotyped HIV-Luc reporter viruses. Astrocyte infection was not blocked by anti-Leu3A antibody (Fig. 1A) , whereas this antibody successfully blocked infection of U87.CD4.CCR5 cells (Fig. 1B) . We then tested the possibility that HIV-1 used galactosyl ceramide (GalCer) (26, 50) or major chemokine receptors CCR5 and CXCR4 as primary receptors for astrocyte infection. Antibodies to GalCer or CCR5, as well as macrophage inflammatory protein 1␤ (MIP- 1␤) that binds to CCR5, failed to block HIV-1 infection of astrocytes (Fig. 1A) . Similarly, we also tested whether CXCR4 was involved in entry of HIV-1 Luc reporter viruses pseudotyped with HXB2 envelope protein into astrocytes with anti-CXCR4 neutralizing antibody and SDF-1. Both treatments showed little effect on the viral entry (data not shown).
Failure to block HIV-1 infection of astrocytes with neutralizing antibodies specific for CD4, GalCer, CCR5, and CXCR4 and with chemokines specific for CCR5 and CXCR4 suggests that HIV-1 infection of astrocytes is mediated through alternative mechanism(s). Two possible alternatives exist by which HIV-1 infection of astrocytes is likely to occur. One is nonspecific adsorption of virion particles by astrocytes leading to CD4-independent entry of HIV-1 into astrocytes. The other is via a specific receptor(s) that is expressed on the surface of astrocytes, the identity of which remains unknown. To distinguish between these two possibilities, we characterized HIV-1 envelope glycoprotein gp120 binding to human primary astrocytes. The rationale was that specific interaction of gp120 with cell surface receptor(s) would be expected for the receptor-mediated HIV-1 entry but not for nonspecific absorption-mediated uptake of virion particles. Thus, we labeled gp120 protein with Na 125 I, incubated 125 I-labeled gp120 with human primary astrocytes at 4°C, and determined the binding kinetics for gp120 protein on these cells.
125 I-labeled BSA was included as a control. The results showed saturable binding of gp120 to human primary astrocytes with a calculated K d of 43 nM (Fig. 1C) , suggesting that there were specific sites (non-CD4 receptors) for gp120 binding. As expected, there was little BSA binding to these cells.
Identification of hMR as a receptor for HIV-1. To isolate the putative HIV-1 receptors from astrocytes, we adopted and modified a highly efficient retrovirus cDNA library expression cloning approach that has been successfully used to isolate cDNA with a specific phenotypic function, including receptors for simian immunodeficiency viruses and HIV-1 (15). We constructed a human fetal brain cDNA library in a retroviral vector pMX (56) and expressed the human fetal brain cDNA library within the CD4-negative astroglial cell line U87.MG, which we showed to be refractory to HIV-1 infection (data not shown). Human fetal brain cDNA library-expressing U87.MG cells were then challenged with HIV-GFP reporter viruses pseudotyped with YU-2 envelope protein. We then used FACS to enrich GFP-positive and CD4-negative cells, which were immediately subcloned and expanded. Initially, we obtained 21 cell clones. Subsequent infection showed that only five of these clones were reproducibly infectible by HIV-1. Isolation of cDNA from these five clones showed a common cDNA insert ca. 2.7 kb in length, and sequence analysis further revealed that the cDNA was identical to the open reading frame of the hMR at the 3Ј terminus, which contained the entire 3Ј-untranslated region (711 bp), the cytoplasmic domain (132 bp), the transmembrane domain (81 bp), and the extracellular domain (ϳ1.8 kb).
hMR was initially cloned in 1990 from macrophages (18) and placenta (74) . However, we encountered a great deal of difficulty in cloning the full-length and functional hMR and propagating a mammalian hMR expression vector (generously provided by A. Ezkorwitz). The difficulty was found to be due to multiple sequence repeats present in the hMR cDNA and inadvertent recombination between the hMR cDNA and the genome of Escherichia coli used in the cDNA cloning and plasmid preparation (Y. Liu and J. He, unpublished results). To alleviate recombination of the hMR cDNA with the E. coli genome, various conditions, including different competent bacteria, bacterial culture temperatures, and incubation times were tested. The integrity of hMR cDNA was first screened by in vitro T7-coupled transcription-translation (Promega), electrophoresis of hMR protein on SDS-6% PAGE, and Western blot analysis with goat anti-hMR serum (generously provided by P. Stahl). The cDNA clones that showed a corresponding hMR molecular mass of 165 kDa on SDS-PAGE and immunoreactivity with anti-hMR antibody upon Western blot analysis were then subjected to direct sequencing in its entirety. The results showed that pcDNA3.hMR containing the fulllength hMR cDNA can reproducibly be obtained by using STBL competent cells (Life Technologies, Inc., Gaithersburg, Md.) under the culture conditions of 30°C and 200 rpm for approximate 15 h. Cell surface expression and functionality of human MR were then validated by FACS with anti-hMR monoclonal antibody clone 19.2 (Pharmingen, San Diego, Calif.) and hMR-mediated endocytosis assay of FITC-conjugated mBSA (see below).
Expression of functional hMR in astrocytes and HIV-1 infection. hMR mainly functions in molecular scavenging and host defense through hMR-mediated endocytosis and phagocytosis pathways (for a review, see reference 59). Our expression cloning results suggest a potential role of hMR in HIV-1 infection of astrocytes. Although MR has been shown to be expressed in murine astrocytes (10) , no direct evidence is available as to whether hMR is expressed on human astrocytes. Thus, we first determined hMR expression in human primary astrocytes, which have been shown to be susceptible to HIV-1 infection (25, 29, 63, 76, 81) . Double immunofluorescence staining showed that hMR was expressed in human primary astrocytes ( Fig. 2A to C) . To ascertain that the hMR expression noted in human primary astrocytes was not due to in vitro cell manipulation, double immunofluorescence staining was also performed in normal human brain tissues. hMR was detected on astrocytes in the brain, particularly in astrocyteabundant regions, such as the cerebellum and cortex (Fig. 2D to G). However, little hMR expression was expressed in U87.MG cells (Fig. 2H to J) .
The apparent association of hMR expression with HIV-1 infectivity in human primary astrocytes prompted us to further examine the roles of hMR in HIV-1 infection. We determined whether hMR expression would make these cells susceptible to HIV-1 infection. To this end, we introduced the full-length hMR cDNA into U87.MG cells. Several cell clones, designated U87.MR, were generated and shown to stably express hMR at comparable levels and the expected molecular mass of 165 kDa (Fig. 3A) . These clones were also shown to be relatively homogeneous in terms of hMR expression (Fig. 3B ). In addition, hMR protein was detected in human primary astrocytes, but not in U87.MG, as well as in two other HIV-1 nonpermissive human astroglial cells U138.MG and U373.MG, by Western blotting (Fig, 3A) . Double immunofluorescence staining showed that in human primary astrocytes more than 98% cells were GFAP positive; of these, ca. 50% were also hMR positive (Fig. 3B) . To examine whether hMR stably expressed in U87.MR cells traffics to the cell surface, a characteristic consistent with a potential role in viral uptake, we also performed confocal microscopy on these cells. hMR expression was indeed localized on the plasma membrane of these cells (Fig.  3C) . We next determined whether the hMR stably expressed in U87.MR cells is biologically functional. We performed a hMRmediated internalization assay with FITC-mBSA, a well-characterized hMR ligand (31) . FITC-mBSA was added to U87.MR cells, and uptake of FITC-mBSA was determined by FACS. Uptake of FITC-mBSA into U87.MR cells was 1.9, 63.2, 70.6, and 79.8% when FITC-mBSA was added at concentrations of 0, 0.5, 1, and 2 g/ml, respectively, and no further increase of FITC-mBSA uptake was noted at 5 g/ml (Fig. 4) . In contrast, there was little FITC-mBSA uptake in U87.MG cells at all concentrations tested. To confirm the specificity of hMR-mediated uptake, U87.MR cells were preincubated with hMR ligand antagonists, including yeast mannan (1) and Dmannose (31), prior to the addition of FITC-mBSA. As expected, yeast mannan and D-mannose decreased FITC-mBSA uptake from 79.8% to 2.4 and 49.6%, respectively, whereas an unrelated disaccharide, D-galactose, had little effect (Fig. 4) . Taken together, these results demonstrate that U87.MR cells express the full-length and biologically functional hMR.
We then evaluated HIV-1 infection of U87.MR cells. U87.MR cells were infected with HIV-GFP reporter viruses pseudotyped without an envelope glycoprotein or with HIV-1 envelope protein YU-2, HXB2, or VSV-G, and viral entry was determined by FACS for GFP expression. We included U87.MG cells, U87.CD4.CCR5 cells, and U87.CD4.CXCR4 cells as controls in the experiments. HIV-GFP pseudotyped with YU-2 and HXB2 envelopes gave rise to 7.9 and 6.3% GFP positive, respectively, but few GFP-positive cells in U87.MG cells (Fig. 5A) . As expected, HIV-GFP pseudotyped with VSV-G-infected all cells and at a comparable infection efficiency, whereas HIV-GFP pseudotyped with YU-2 envelope only infected U87.CD4.CCR5 cells, and HIV-GFP pseudotyped with HXB2 envelope only infected U87.CD4. mean GFP fluorescence intensity at least 10-fold lower than that of VSV-G-pseudotyped infected cells, U87.CD4.CCR5 cells infected with YU-2-pseudotyped viruses, or U87.CD4.CXCR4 cells infected with HXB2-pseudotyped viruses.
To determine whether the low infection efficiency was due to the low virus input, we increased the virus input to 400 ng of gag p24 in the infection. The higher virus input resulted in 14.3% infection of U87.MR cells (Fig. 5B) , whereas 100 ng of gag p24 HIV-GFP viruses only infected 9.7% of human primary astrocytes; this level increased to 17.3% when 400 ng of gag p24 viruses was used. These results showed that the disparity between the percentage of hMR-positive cells and HIV-1 infection efficiency in both U87.MR cells and human primary astrocytes was not due to insufficient HIV-1 viral input. We then determined whether the number of hMR receptors on each cell, i.e., the receptor density, would affect HIV-1 infection efficiency. To this end, we took advantage of the heterogeneity of hMR expression in human primary astrocytes (Fig. 3B) , labeled these cells with FITC-conjugated mannosylated BSA, a hMR ligand (Fig. 4) , and sorted out by FACS the higher hMR-expressing cells (top 5%). We then infected these cells with HIV-GFP reporter viruses. Surprisingly, these higher hMR-expressing cells showed a greatly improved infection efficiency, i.e., 21% at the amount of 100 ng of gag p24 input viruses and 45% at the amount of 400 ng of gag p24 input viruses (Fig. 5B) . Taken together, these results suggest that the density of hMR on the cells is critical for successful hMR-mediated HIV-1 entry.
Direct involvement of hMR in HIV-1 infection of human primary astrocytes. We next determined whether hMR plays a direct role in HIV-1 infection of human primary astrocytes. We took advantage of a goat anti-hMR serum that has been shown to react with hMR ( Fig. 3A) and block hMR-mediated endocytic function (61) and examined the effects of this serum on HIV-1 infection of astrocytes. Primary human fetal astrocytes were preincubated with goat anti-hMR serum (1:50 dilution) prior to infection with HIV-1 NL4-3 viruses, and HIV-1 replication was monitored by an ELISA for p24 production in the cell culture supernatants. We also included human PBMCs and a neutralization monoclonal antibody to human CD4, Leu3A, in these experiments. Treatment with goat anti-hMR serum decreased maximal p24 production, i.e., HIV-1 viral replication, in primary astrocytes by approximately 60% compared to mock treatment (Fig. 6A) . No apparent decrease in p24 production were detected in the supernatants of astrocytes treated with goat preimmune serum, anti-CD4 Leu3A antibody, or the IgG isotype control. In contrast, anti-CD4 Leu3A antibody completely blocked HIV-1 p24 production in PBMCs infected with NL4-3 viruses, whereas other treatments, such as goat anti-hMR serum, goat preimmune serum, and IgG isotype control, showed little effects (Fig. 6B) . The lack of neutralization of HIV-1 infection of astrocytes with anti-CD4 Leu3A antibody was further tested by using soluble recombinant CD4 protein, which has been shown to block HIV-1 infection by binding to the HIV-1 envelope gp120 and thereby preventing HIV-1 virus from binding to the CD4 receptor of HIV-1. As expected, preincubation of recombinant CD4 protein with HIV-1 NL4-3 viruses exhibited complete inhibition of the HIV-1 p24 production in the supernatant of PBMCs (Fig. 6B ) but, surprisingly, also exhibited 25% inhibition in astrocytes (Fig. 6A) .
To further ascertain that hMR is directly involved in HIV-1 infection of astrocytes, we downmodulated the constitutive from U87.MG cells, U87.MR clones 1-8, 2-8, and 3-9, U138.MG cells, U373.MG cells, and human primary astrocytes (1 0 As) were separated by electrophoresis on SDS-6% PAGE and blotted onto Hybon-P membrane. hMR expression was detected by using goat anti-hMR serum (1:400) as the primary antibody and horseradish peroxidase-conjugated donkey anti-goat secondary antibody (1:2,000 (Fig. 6C,  inset) . Meanwhile, p24 production, i.e., HIV-1 replication in these hMR siRNA-expressing cells was inhibited by ca. 80% (Fig. 6C ). As noted in most siRNA studies, expression of an unrelated siRNA, such as Luc siRNA, also downmodulated hMR expression to some extent and, as a result, showed some effects on HIV-1 replication. Nevertheless, the inhibition of HIV-1 replication by Luc siRNA was considerably lower. Taken together, these results further support the notion that hMR is directly involved in HIV-1 infection of human astrocytes.
Direct binding of HIV-1 virions with hMR.
Our studies showed specific binding of HIV-1 envelope glycoprotein gp120 to astrocytes (Fig. 1C) and a direct role for hMR in HIV-1 infection of human primary astrocytes ( Fig. 5 and 6 ). Thus, we next determined whether gp120 in the context of whole HIV-1 virions would bind to hMR. We performed a virus capture assay with U87.MR cells. HIV-1 viruses pseudotyped with VSV-G, HIV-1 YU-2, HXB2, or 89.6 envelope protein were added to U87.MR cells and incubated at 4°C for 30 min. Binding of HIV-1 virions to hMR was assessed by measuring p24 (viruses) captured on U87.MR or U87.MG cells with a p24 ELISA kit. In agreement with the results obtained from direct .MR cells were also included. 1 0 As, human primary astrocytes; 1 0 As*, the top 5% higher hMR-expressing human primary astrocytes.
FIG. 6. Neutralization of HIV-1 infection of human primary astrocytes by goat anti-human mannose receptor antibody. Human primary astrocytes (A) and PBMCs (B) were infected with 100 ng of gag p24 HIV-1 NL4-3 viruses at 37°C for 2 h in the presence of goat preimmune serum (1:50, E), goat anti-hMR serum (1:50, F), anti-human CD4 monoclonal antibody Leu3A (20 g/ml, ‚), isotype-matched IgG control antibody (10 g/ml, छ), or recombinant CD4 protein (10 g/ml, OE). HIV-1 NL4-3 viruses were prepared by transfection of pNL4-3 plasmid DNA in 293T cells similarly to the envelope protein-pseudotyped HIV reporter viruses. All infections were performed in the presence of 8 g of Polybrene/ml. Fresh antibodies were added every other day when the cell culture supernatants were collected. HIV-1 replication was monitored by measuring p24 production in the culture supernatants by using a p24 ELISA kit according to the manufacturer's instructions. (C) Inhibition of HIV-1 replication in human primary astrocytes by MR siRNA. Retroviruses carrying MR siRNA were prepared by transfection of pMSCV-puro MR siRNA DNA in ampho-phoenix cells and used to transduce human primary astrocytes. Transduced cells were then infected with HIV-1 NL4-3 viruses, as well as for hMR expression by Western blot analysis (insert). At day 7 after infection, the culture supernatant was collected for HIV-1 replication assay by a p24 ELISA kit. MSCV-puro viruses containing no siRNA DNA and Luc siRNA DNA targeting the luciferase gene were also included as controls. Puromycin gene expression was used to determine the virus titers and transduction efficiency, which were comparable. Ͻ, MR protein. (Fig. 7B) . In contrast, HIV-1 virions pseudotyped with VSV-G envelope protein showed no detectable change in any of the treatments, since VSV-G interacts with phospholipids, the putative VSV receptors that are ubiquitously and abundantly present in all mammalian cells (71) . These results taken together demonstrate that HIV-1 binds to U87.MR in a hMRdependent (specific) manner and are consistent with our previous results that hMR functions as a CD4-independent HIV-1 receptor in astrocytes. hMR belongs to the large C-type lectin superfamily, and its ligand binding is mediated by mannosylated and/or mannoserich glycan moieties present in its ligands (59) . Biochemical characterization of HIV-1 surface glycoprotein gp120 has shown that 11 of 24 glycan side chains of gp120 are either completely mannosylated or highly mannosylated (5, 41, 51, 52) . To determine whether the binding of HIV-1 to hMR is also mediated by the mannosylated carbohydrate moieties of gp120 protein, recombinant gp120 and nonglycosylated gp120 proteins were 125 I-labeled and then added to and incubated with U87.MR cells. The direct binding of 125 I-labeled proteins to U87.MR was examined. Similar to these results obtained from gp120 binding to primary astrocytes, as stated earlier (Fig. 1C) , recombinant native gp120 exhibited saturable binding to U87.MR cells with a calculated K d of 68 nM (Fig. 7C) . However, recombinant nonglycosylated gp120 protein only showed a basal level of binding to U87.MR cells. In addition, we also tested whether Ca 2ϩ is required for binding of gp120 binding to hMR. We included 20 mM EGTA in the cell culture medium and throughout the binding experiments for Ca 2ϩ depletion. The results showed that addition of EGTA almost completely abolished recombinant native gp120 binding to U87.MR cells (Fig. 7C ). These results demonstrate that HIV-1 binding to hMR involves the mannose-containing glycan side chains present in HIV-1 surface envelope gp120 protein and that the binding is Ca 2ϩ dependent and provide biochemical evidence to support the specific nature of HIV-1 and hMR interaction.
hMR-mediated endocytosis of HIV-1 into astrocytes. Binding of hMR to its ligands is known to be followed by internalization of the ligands by hMR-mediated endocytosis (59) . To determine whether hMR-mediated HIV-1 infection also occurs via the hMR-mediated endocytic pathway, we determined the effects of several agents that act upon lysosomal enzymes, endosome acidification, and early-to-late endosome transition on HIV-1 infection of astrocytes. U87.MR cells were infected with HIV-Luc reporter viruses pseudotyped with HXB2 envelope protein in the presence of NH 4 Cl, which affects endosome acidification, bafilomycin A, an inhibitor of vacuolar proton ATPase (3), and brefeldin A, a fungal antibiotic which causes early endosomes to form a tubular network and prevents earlyto-late endosome transition (44) . Infection of U87.MR cells was determined by measuring Luc reporter gene expression. (1) grown in a 96-well plate were prechilled on ice for 30 min, followed by the addition of 100 ng of gag p24 HIV-GFP viruses pseudotyped with VSV-G, HXB2, YU-2, and 89.6 envelope proteins, or without envelope protein (no env) were then added. The cells were allowed to incubate with the viruses for an additional 30 min. After 30 min, the viruses were removed and the cells were washed extensively with prechilled regular culture medium. The cells were then lysed with a 1% NP-40-containing buffer, and the lysates were processed to determine HIV-1 binding by using the p24 ELISA kit. (B) Inhibition of HIV-1 binding to human mannose receptor by hMR antibody and ligand antagonists. U87.MR cells were incubated with HIV-GFP viruses pseudotyped with HXB2 envelope protein (ᮀ), or VSV-G envelope protein (1), as stated above, in the presence of goat preimmune serum (1:50), goat anti-hMR serum (1:50), and 3 mg of yeast mannan or D-mannose/ml. HIV-1 binding was determined as described above. (C) Direct binding of HIV-1 gp120 proteins to hMR. U87.MR cells were incubated with 125 I-labeled gp120 protein (ᮀ) or 125 I-labeled nonglycosylated gp120 protein (छ) at concentrations as indicated, in the presence of 20 mM EGTA (E), on ice for 30 min. Unbound proteins were removed, followed by an extensive wash with prechilled regular cell culture medium. The cells were then harvested and processed for measuring gp120 binding by using a gamma scintillation counter.
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HIV-Luc reporter viruses pseudotyped with VSV-G envelope protein that has been shown to infect target cells via endocytosis (2) were also included as a control. NH 4 Cl, bafilomycin A1, and brefeldin A inhibited Luc gene expression by 63, 84, and 87%, respectively, in U87.MR cells infected with HIV-Luc reporter viruses pseudotyped with HXB2 envelope protein (Fig. 8A) . Comparable inhibitory effects were obtained in U87.MR infected with HIV-Luc pseudotyped with VSV-G envelope protein, although the absolute infection efficiency was significantly higher (Fig. 8B) . To ascertain that the inhibitory effects obtained are not due to nonspecific and adverse effects of these drugs on HIV-1 viruses or are not other unknown hMR expression-induced effects, we also examined effects of these drugs on the membrane fusion-mediated HIV-1 infection with U87.CD4.CXCR4 cells. U87.CD4.CXCR4 cells were infected with HIV-Luc reporter viruses pseudotyped with HXB2 envelope protein in the presence of each of these drugs. We also included the HIV-Luc viruses pseudotyped with VSV-G envelope protein in the experiments. As expected, NH 4 Cl, which is known to raise the pH in the extracellular microenviroment and thereby inhibit low-pH-dependent membrane fusion process (12) , inhibited Luc gene expression by 85% in U87.CD4.CXCR4 cells infected with HIV-Luc viruses pseudotyped with HXB2 envelope protein, whereas both bafilomycin A1 and brefeldin A had little effects in the same cells infected by the same viruses (Fig. 8C) . In contrast, all three drugs showed inhibitory effects in U87.CD4.CXCR4 cells infected with HIV-Luc viruses pseudotyped with VSV-G envelope protein (Fig. 8) . Taken together, these results suggest that hMR-mediated HIV-1 infection of astrocytes is endocytic in nature.
To further ascertain the role of hMR as HIV-1 receptor for astrocyte and the endocytic nature of hMR-mediated HIV-1 entry into astrocytes, we performed transmission electron microscopy to directly visualize the hMR-mediated uptake of HIV virions. U87.MR cells and human primary astrocytes grown on Thermanox coverslips were prechilled on ice for 30 min, followed by the addition of HIV-Luc viruses pseudotyped with YU-2 envelope protein. We first incubated the cells with viruses at 4°C for 30 min to allow virus binding to the cells and then at 37°C for different lengths of time to allow virus internalization, which was monitored by transmission electron microscopy. We also included in the experiments HIV-Luc viruses pseudotyped with VSV-G envelope protein, which has been shown to infect cells through endocytosis (2) . The results showed that, like HIV-Luc viruses pseudotyped with VSV-G envelope protein (data not shown), HIV-Luc viruses pseudotyped with YU-2 envelope protein bound to the outer surface of the plasma membrane at early times (0, 5, and 10 min), followed by localization within endosome at 30 min and beyond (Fig. 9) . These data provide additional evidence to support the importance of hMR-mediated endocytosis in HIV-1 infection of astrocytes.
DISCUSSION
Using the expression cloning strategy, we have successfully isolated from a human fetal brain cDNA library a cDNA that was associated with HIV-1 infectivity of astrocytes. The cDNA was found to be identical to hMR. Differential hMR expression among HIV-1 infection-refractory astroglial cell lines, such as U87.MG, U373.MG, and U138.MG, and HIV-1 infection-permissive human primary astrocytes ( Fig. 2 and 3 ) prompted us to further characterize the roles of hMR in HIV-1 infection of astrocytes. Ectopic expression of the full-length hMR conferred HIV-1 infection susceptibility to U87.MG cells in a single-round HIV-1 infection assay (Fig. 5) . Direct involvement of hMR in HIV-1 infection of astrocytes was further supported by the inhibition of HIV-1 infection in human primary astrocytes by anti-hMR serum and by hMR-specific siRNA (Fig. 6 ). In agreement with this newly identified function of hMR, hMR exhibited carbohydrate-and Ca 2ϩ -depen- (Fig. 7) . Further analysis showed that HIV-1 viruses were internalized into astrocytes through hMR-mediated endocytosis ( Fig. 8 and 9 ). Taken together, these results demonstrate for the first time that hMR is able to function as an HIV-1 receptor for astrocyte infection, and also suggest that the receptor-mediated endocytosis may represent a new CD4-independent HIV-1 entry mechanism into its target cells. HIV-1 infection typically requires coexpression of the primary HIV-1 receptor CD4 and HIV-1 chemokine coreceptor CCR5 or CXCR4. Based on use of CCR5 or CXCR4, HIV-1 strains that use CXCR4 are grouped as T-tropic, those that use CCR5 as M-tropic, and those that use both CXCR4 and CCR5 as dualtropic (for a review, see reference 4). The present study showed that hMR expression alone was sufficient to allow HIV-1 infection in the absence of CD4 (Fig. 5) . This is in agreement with results indicating that a neutralizing monoclonal antibody, anti-CD4 Leu3A, failed to block HIV-1 infection of human primary astrocytes (Fig. 6A) (27, 78) . Nevertheless, consistent with studies demonstrating a higher-affinity binding of CD4 to gp120 protein (67) and partial overlapping of the binding domain of CD4 on gp120 (75) with the mannosylated glycan side chains within the domain, preincubation of recombinant CD4 protein with HIV-1 viruses partially inhibited HIV-1 infection of human primary astrocytes (Fig. 6A) , suggesting that coexpression of CD4 and hMR physically impedes hMR interaction with HIV-1 viruses and may subsequently diminish hMR function as the HIV-1 receptor on some cells such as monocytes and dendritic cells. Both T-tropic and Mtropic viruses were able to infect hMR-expressing astrocytes in the absence of HIV-1 chemokine coreceptors CCR5 and CXCR4 (Fig. 5) . HIV-1 viruses pseudotyped with HIV-1 envelope protein 89.6, which uses both CCR5 and CXCR4 bound to hMR similarly to HIV-1 viruses pseudotyped with either HXB2 envelope protein or YU-2 envelope protein (Fig. 7A) . Similar results have been obtained from studies with chemokines specific for both CXCR4 and CCR5 that fail to inhibit HIV-1 replication in astrocytes (69) , and direct infection of astrocytes with both HIV-1 virus strains (16) . The ability of hMR to be utilized by both T-and M-tropic HIV-1 viruses corroborated our results from the virus capture assay and the direct gp120 binding assay indicating that the interaction between hMR and HIV-1 viruses was mediated by the carbohydrate moiety of HIV-1 gp120 protein (Fig. 7C) , and our results with neutralizing antibodies targeted at the V3 region of gp120 protein showing that preincubation of the V3 neutralizing antibodies with HIV-1 viruses had no effect on HIV-1 infection of hMR-expressing U87.MR cells and human primary astrocytes (data not shown).
hMR cDNA was initially cloned in 1990 (18, 74) and encodes 1,456 amino acids with a short signal peptide at the N terminus, a cysteine-rich domain, a fibronectin type II repeat, eight lectin-like carbohydrate recognition domains, a transmembrane domain, and a very short cytoplasmic tail (59) . hMR is expressed in tissue-differentiated macrophages, endothelial cells, epithelial cells, and dendritic cells, with defined functions in molecular scavenging and host defense through hMR-mediated endocytosis and phagocytosis (59) . Our results showed that hMR was expressed in human primary astrocytes and normal human brain tissues but not in astroglial cell lines ( Fig. 2 and 3) . Studies have shown that hMR is expressed in primary astrocytes, but is developmentally and spatially regulated (9, 10) and also highly regulated by anti-and proinflammatory cytokines (10, 53, 64) . Interestingly, we observed that hMR was rapidly downregulated in primary astrocytes after HIV-1 infection and also that there was a brief increase in hMR expression concomitant with activation of HIV-1 replication in HIV-1 latently infected astrocytes when they were treated with cytokines, including tumor necrosis factor alpha, granulocyte-macrophage colony-stimulating factor, or interleukin-1␤ (data not shown). hMR expression has recently been shown to be downmodulated in HIV-1-infected patients (35, 36) , and the hMR promoter has been shown to be negatively regulated by HIV-1 Tat protein expression (11) . Thus, it is conceivable that downmodulation of hMR expression after HIV-1 infection may also contribute to the nonproductive viral replication in astrocytes. Previous studies have demonstrated specific HIV-1 gp120 binding sites on the surface of astrocytes (46) . Interestingly, immunofluorescence staining with the sera raised against the uncharacterized gp120-binding molecule showed some reactivity to U87.MR cells (J. He and A. Nath, unpublished results), suggesting that the unknown molecule(s) may be related to hMR or a member of C-type lectin superfamily. The other possibility is that additional molecules on astrocytes are also involved in gp120 binding and HIV-1 entry (24, 46) . The higher binding affinity of gp120 to human primary astrocytes (K d 43 nM, Fig. 1C ) than U87.MR cells (K d 68 nM, Fig. 7C ) also supports the existence of additional molecules for HIV-1 infection of astrocytes.
HIV-1 gp120 protein is one of the highly glycosylated viral proteins, and the carbohydrate moieties take up more than 50% of its total molecular weight (22) . Biochemical characterization of the carbohydrate component of gp120 protein has shown that almost half of the glycan side chains present in gp120 are completely mannosylated or mannose-rich (5, 41, 51, 52). Indeed, an earlier study has demonstrated that the glycan side chains of gp120-mediated interaction do not require CD4 (38) . The low efficiency of hMR-mediated HIV-1 infection (Fig. 5A) and the low HIV-1 replication in primary astrocytes (Fig. 6A) were apparently due to a low level of hMR expression in these cells, since enrichment of higher hMR-expressing cells in human primary astrocytes resulted in a reasonably higher infection efficiency (Fig. 5B) . Moreover, the results further showed that HIV-1 binding to hMR on astrocytes is followed by hMR-mediated endocytosis ( Fig. 8 and 9 ). Endocytosis has long been proposed as a general HIV-1 entry pathway (19, 20, 47) and as the HIV-1 entry pathway in astrocytes (24, 25) . In general, ligands that are taken into cells by receptormediated endocytosis are trafficked to early sorting endosomes where many ligands are dissociated from their receptors and then rapidly trafficked to late endosomes and then lysosomes for degradation (48, 49, 65) . Thus, the extremely low efficiency of hMR-mediated HIV-1 infection and the extremely low GFP reporter gene expression in hMR-expressing cells, i.e., at least 10-fold lower than that of cells expressing CD4 and CCR5 or CD4 and CXCR4 (Fig. 5A) , and the extremely low HIV-1 replication in primary astrocytes, i.e., Ͼ1,000-fold lower than that of human PBMCs (Fig. 6) , may also suggest that only a small percentage of the HIV-1 virions taken up by hMRmediated pathway are able to escape from degradation within the endosome/lysosomes and proceed to the typical postentry pathway of HIV-1 infection, such as reverse transcription, nuclear translocation of proviral DNA and integration, and viral gene expression. The inefficiency of hMR-mediated HIV-1 infection may also contribute to the fact that the significance of hMR-mediated HIV-1 infection has never been appreciated in cells such as macrophages, in which CD4 and CCR5 are overwhelmingly utilized for HIV-1 infection (54) .
Nevertheless, hMR is not the only C-type lectin receptor that is involved in HIV-1 infection through the lectin-like carbohydrate recognition domains. DC-SIGN, another member of the same large C-type lectin superfamily, has been identified to bind to HIV-1 gp120 and to transmit HIV-1 viruses from dendritic cells to T cells (14, 21) . A very recent study has shown that direct binding of DC-SIGN to HIV-1 viruses can also lead to internalization of HIV-1 viruses (37). Interestingly, both hMR and DC-SIGN have been shown to be expressed on dendritic cells, but the relative expression levels are highly dependent on the stages of differentiation of dendritic cells (79) . Thus, it is tempting to speculate that whether dendritic cells are directly infected with HIV-1 viruses or only serve as an intermediary for HIV-1 transmission may depend on differential expression of these two receptors on dendritic cells at various stages of differentiation.
Astrocytes occupy ϳ20% of the cell volume of the gray matter, and their processes are found around synapses and in close apposition to the nodes of Ranvier, axon tracts, capillaries, and the blood-brain barrier (6, 13, 58) . hMR interaction with some of its ligands has been shown to activate secretion of lysosomal enzymes, expression of tumor necrosis factor, interleukin-12, matrix metalloproteinase-9, and signal-regulated protein kinases (40, 55, 62, 66, 72) . Therefore, in addition to the adverse effects of hMR-mediated HIV-1 entry into astrocytes, it is very likely that hMR-mediated intracellular signaling induced by HIV-1 gp120 binding may contribute, to an even more significant extent, to astrocyte dysfunction, for example, through glutamate metabolism and Ca 2ϩ signaling, and eventually to AIDS neuropathogenesis. The relationship between HIV-1 induced hMR-mediated signaling in astrocytes and astrocyte dysfunction merits further investigation. In addition, identification of hMR as an HIV-1 receptor raises the possibility that astrocytes located at the blood-brain barrier serve as the initial route of HIV-1 transmission from the periphery to the CNS and also supports the notion that astrocytes represent a potential HIV-1 reservoir in the CNS. Therefore, the present study may provide new drug targets for treating and preventing HIV-1 infection of the CNS.
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